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CANCELLATION SYSTEM FOR 
FREQUENCY REUSE IN MICROWAVE 

COMMUNICATIONS 

RELATED APPLICATIONS 

This application is a Continuation of US. patent applica 
tion Ser. No. 11/102,088, ?led Apr. 7, 2005, Which is a Divi 
sional of US. patent application Ser. No. 09/472,300, ?led 
Dec. 27, 1999, now US. Pat. No. 6,882,868), Which is a 
Divisional of US. application Ser. No. 08/862,859, ?led May 
23, 1997, now US. Pat. No. 6,008,760. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to free-space radio 
frequency (RF) communication systems and, more particu 
larly, to isolation systems that separate the receive signal from 
interfering signals in a RF communications system. Interfer 
ing signals include signals received by the communications 
antenna causing co-channel interference and transmit signal 
leakage of the antenna’s transmitter signal into the receiver. 
Many electronic systems, such as radar and Wireless commu 
nication systems, operate over a Wide range of microWave 
frequencies. For example, many radar and communication 
systems operate in What is knoWn as a frequency-hopping or 
a frequency-agile manner over very Wide microWave band 
Widths. The bandwidth can vary up to an octave or more, and 
the frequencies can range from the S to Ku bands. The main 
objectives of an isolation system used in a full-duplex com 
munication system is to provide loW transmitter-loss and a 
high degree of isolation over a Wide dynamic range of fre 
quencies. 

Non-reciprocal devices, such as circulators, are commonly 
used to provide isolation betWeen a transmitter and receiver in 
a microWave antenna system. HoWever, the degree of isola 
tion is severely limited by the operating frequency range, and 
a circulator’s isolation and transmission deteriorate as the 
input ports become unmatched. Direct leakage betWeen the 
transmitter and receiver is usually the primary cause of inter 
ference, particularly in systems that do not employ circula 
tors. US. Pat. No. 5,373,301 discloses a means for canceling 
direct leakage in an antenna system that has simple resistive 
three-port junctions Which use a signal derived from a dummy 
circuit receiving a large portion of the transmit signal. HoW 
ever, this design requires at least half of the signal poWer 
produced by the transmitter to be used to cancel the interfer 
ence. 

Environmental effects, such as temperature changes and 
aging, cause an antenna’s impedance to change, resulting in 
changes in the impedance-matching Within the antenna cir 
cuit and unbalancing of any cancellation signal synthesized 
and applied to the receiver for canceling transmit interfer 
ence. US. Pat. No. 4,970,519 shoWs a circuit that adjusts the 
amplitude and phase of a cancellation signal in order to opti 
mize cancellation of transmit interference at a receiver. Signal 
phase-adjustment is performed by adjustment of delay lines 
in order to equalize the propagation paths of the cancellation 
signal and leakage signal. The signal level at the receiver is 
used as an error signal and fed back in a “control loop” for 
adjusting the amplitude and phase of the cancellation signal 
on the basis of minimizing the error signal. As a result, the 
receive signal corrupts the error signal and cannot be entirely 
removed by cancellation or correlation using the transmit 
signal. In addition, the cancellation must have frequency 
dependent amplitude and phase characteristics that closely 
match those characteristics of the transmit signal in order to 
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2 
attain effective cancellation over a broad spectrum of transmit 
frequencies. Because interference occurs until the cancella 
tion signal’s parameters are optimized, continual adjustment 
of the cancellation signal Will cause an interference signal 
Whose magnitude depends on the response-rate of the signal 
optimization process. Finally, intermodulation and distortion 
products are produced by the non-linear response of ferrite 
materials, Which are commonly used as part of the antenna 
structure or circulator. Such interference is commonly 
removed by ?ltering, Which has the undesirable consequence 
of limiting the effective bandWidth of operation of the 
antenna. 

Some techniques for reducing co-channel interference 
include frequency-separation, time-division, orthogonal 
polarization, and spatial separation. Further reduction of 
interference requires some type of cancellation. US. Pat. No. 
5,432,522 shoWs a canceller that reduces cross-polarization 
interference in tWo orthogonally polarized channels. U. S. Pat. 
No. 5,515,378 applies adaptive phased-array technology to 
Wireless communications in order to provide spatial multi 
plexing and demultiplexing of communications channels. 
This prior-art adaptive processing in an antenna array is 
essentially a cancellation process. Each element of the array 
has an associated electrical signal that is adjusted by a com 
pleX-valued Weight, then summed to provide an antenna beam 
pattern having nulls (canceled responses) in a predetermined 
direction. Problems With this technique include the inability 
to resolve co-located or closely-spaced radio sources and 
increased side-lobe structures relative to main-beam magni 
tude that results When the Width of the main beam is nar 
roWed. If Wide-band or multiple frequencies are transmitted, 
this causes distortion of the main beam and variance in the 
location of the nulls. 

SUMMARY OF THE INVENTION 

The present invention addresses the lack of available fre 
quency bandWidth allocation for Wireless RF communica 
tions. Effects of these problems include limited data trans 
mission capacity, co-channel interference, and limited access 
to Wireless services resulting from increased demand for 
those services. Substantial improvements in frequency reuse 
are implemented through innovations in spatial multiplexing 
and isolation technologies disclosed herein. Applications of 
these neW techniques are directed toWard, but not limited to, 
stationary line-of-sight microWave communications systems. 
One embodiment of the present invention is a microWave 
antenna array that receives a plurality of signals having a 
common frequency channel that is transmitted from a remote 
location. This antenna array is able to resolve signals from 
even co-located sources and consequently provides a fre 
quency reuse improvement of at least several orders of mag 
nitude over the prior art. 

Accordingly, it is a ?rst object of the invention to utilize a 
neW type of spatial demultiplexing technique that makes use 
of spatial gain distribution characteristics of received signals 
to resolve closely-spaced and co-located sources. The spatial 
gain distribution of each receive signal has knoWn character 
istics that provide ratios of co-channel interference terms at 
the antenna elements. These ratios are used to Weight a can 
cellation circuit, Which separates the received signals. Shap 
ing of the spatial gain distributions may be accomplished 
using a microWave lens at either or both the transmit antenna 
or the receive antenna. Adjustment of the spatial gain distri 
bution may be accomplished by aperture synthesis, beam 
steering or interferometric combining of a plurality of beam 
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patterns. Another application of the demultiplexing technique 
includes separating polarized receive signals having knoWn 
cross-polarization terms. 

Another object of the present invention is to provide an 
interferometric beam-shaping means Whereby multiple 
antenna beam patterns are combined to provide cancellation 
in predetermined directions Without reducing the magnitude 
of the main beam. A beam-shaping circuit provides fre 
quency-dependent Weights to the electrical signals that create 
the beam pattern. This is done to preserve the shape of the 
beam pattern for broad-frequency band transmission and 
reception, and is applied to each component beam pattern of 
the interferometric beam pattern. 

Therefore it is another object of the present invention to 
provide a frequency-dependent beam-shaping means to com 
pensate for frequency-dependent distortions in the main 
beam and variance in the locations of the nulls. 
A Wireless communications environment imposes a num 

ber of constraints and performance limitations on an adaptive 
cancellation system used to cancel transmitter interference at 
the receiver. Therefore, it is an object of the present invention 
to provide an adaptive canceller that utiliZes an error signal 
free from receiver signals. Thus the adaptive canceller is 
made more suitable for optimiZing the amplitude and phase of 
a cancellation signal. 

It is another object of the present invention to utiliZe a 
distributed impedance circuit as a dummy circuit in order to 
approximate the distributed impedance of an antenna for 
attaining broad-band cancellation of transmit signals in the 
receiver. 

Another object of the present invention is to model the 
distributed impedance of an antenna using ?nite elements in 
a dummy circuit for attaining broad-band cancellation of 
transmit signals in the receiver. 

It is another object of the present invention to cancel trans 
mit leakage signals resulting from impedance-differences 
betWeen the antenna and the compensating dummy circuit 
Without canceling the receive signal. 

It is still another object of the present invention to cancel 
harmonic and intermodulation distortion signals resulting 
from the non-linear response of ferrite materials to the trans 
mit signal, thereby providing the antenna system With broad 
band capabilities. 

It is a ?nal object of the present invention to provide a 
dummy circuit in a transmit signal cancellation network for 
canceling direct leakage from the transmitter that provides 
better than ?fty percent transmit ef?ciency to the antenna. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an embodiment of an antenna array of the present 
invention. 

FIG. 2 is a graphic illustration of beam pattern components 
that comprise an interferometric beam pattern. 

FIG. 3 is a plot of antenna element excitation phasors on the 
complex plane. 

FIG. 4 illustrates components of a beam-shaping circuit 
described as part of the embodiment of the present invention. 

FIG. 5 is a graphic illustration of tWo beam patterns pro 
duced by signals having different frequencies When shaped 
by a beam-shaping circuit of the present invention. 

FIG. 6 is a graphic illustration of ?ve individual beam 
patterns produced by an antenna array of the present inven 
tion that is excited by ?ve excitation signals. 

FIG. 7 is a graphic illustration of interferometric beam 
forming comprising the sums of ?ve individual beam pat 
terns. 
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4 
FIG. 8 is a graphic representation of spatial gain distribu 

tion of tWo receive signals across tWo antenna elements of the 
antenna array of the present invention. 

FIG. 9 is a diagram shoWing the components of a three-port 
isolator device described in the embodiment of the present 
invention. 

FIG. 10 is a plot of magnetic ?ux density of a ferrite 
material verses applied magnetic ?eld strength. 

FIG. 11 illustrates an embodiment of a dc bias ?eld adjust 
ment circuit described as a component of the three-port iso 
lator device. 

FIG. 12 shoWs three ferrite circulator three-port devices 
that are components of the three-port isolator device 
described in the embodiment of the present invention. 

FIG. 13 is an embodiment of a distributed impedance ele 
ment described as a component of the three-port isolator 
device and used for approximating a distributed impedance. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

FIG. 1 shoWs part of an antenna array 100 of the present 
invention comprising a ?rst antenna 101 and a second antenna 
102 coupled to an interferometric beams-narrowing proces 
sor 303. The ?rst antenna 101 is coupled to the processor 303 
by a ?rst three-port device 104A, and the second antenna 102 
is coupled to the processor 303 by a second three-port device 
104B. The processor 303 has a receiver output 313. Although 
only tWo elements 101 and 102 are shoWn in this array 100, 
the principles regarding the operation of this antenna array 
100 may be extended to more than tWo antennas. 

A ?rst distant radio-frequency source 91 is spatially sepa 
rated from a second distant radio-frequency source 92. In this 
case, both sources 91 and 92 radiate at a common Wavelength 
7»; hoWever, these sources may radiate at different Wave 
lengths. Radiation from the ?rst source 91 is shoWn as a plane 
Wave 119 representing a common phase-front incident at the 
antennas 101 and 102 at a ?rst incidence angle 61 relative to 
normal incidence 90. A plane Wave 129 represents a common 
phase-front of radiation from the second source 92 impinging 
on the antenna elements 101 and 102 at a second incidence 
angle 62 relative to normal incidence 90. 

Radiation 119 received by antenna 101 induces a ?rst elec 
trical receive signal SUISl Sin(u)t+q)l) that is coupled to a 
?rst Weight-and-sum processor 330, Where (l):2T|:C/}\,, c is the 
speed of light constant, S l is the magnitude of the induced 
signal S11, t is time, and (1)1 is an arbitrary phase constant. A 
?rst electrical receive signal S21:Sl Sin((u)t+q)l+Dl) at the 
second antenna 102, Which is induced by radiation 119, is 
coupled to the ?rst processor 330. D1 is delay in radians: 
Dl:2rc(d Sin 61y?» Where d is the separation betWeen the 
antennas 101 and 102. The ?rst processor 330 includes a ?rst 
Weighting element 331 Which applies a complex Weight W l to 
signal S11, delaying signal Sll by an amount equal to the 
delay D1. The ?rst processor 330 also includes a ?rst com 
bining circuit 333 to sum electrical signals from the antennas 
101 and 102 and output the summed signals at a ?rst output 
port 334. In this case, the Weighting element 331 provides 
unity gain in accordance With the assumptions of substan 
tially identical antenna responses of both antennas 101 and 
102 to radiation 119 and substantially uniform intensity of the 
radiation 119 (minimal spatial gain variance) at both of the 
antenna 101 and 102 locations. The ?rst processor 330 may 
also include a second Weighting element 332 coupled 
betWeen the second antenna 102 and the combining circuit 
333. For the purpose of this discussion, the second Weighting 
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element 332 does not provide delay or gain adjustment. The 
signals S 11 and S l 2 are combined in-phase to provide totally 
constructive interference. 

Radiation 129 received at the ?rst antenna 101 induces a 
second electrical receive signal at the antenna 101: 812:82 
Sin(u)t+q)2), Where S2 is the magnitude of the induced signal 
S12. Radiation 129 received at the second antenna 102 
induces a second receive signal at the antenna 102: 822:82 
Sin(u)t+q)2+D2), Where D2 is delay in radians: D2:2J'|§(d Sin 
62)/J'c. A receiver output signal Scl of the ?rst processor 330 at 
output port 334 is expressed as: 

The output SCl can also be Written: 

The delay factor D 1 applied to signals induced at antenna 
101 causes the antenna array 100 to have maximum signal 
reception in the direction 61. In FIG. 2, the direction 61 
represents the orientation direction of a ?rst main beam 151 of 
the array’s 100 receiver output signal SCI. As the location of a 
source, such as the second source 92, departs from the orien 
tation direction 61, the responsiveness of the array 100 to the 
source 92 diminishes. The responsiveness of the array 100 to 
the second source 92 is nulled When the delay difference AD2 1 
equals a half-cycle of the signal’s 129 Wavelength 7», resulting 
in totally destructive interference. In this case, hoWever, it is 
assumed that the direction 62 of the second source 92 is inside 
the beam Width of the ?rst main beam 151. The invention is 
able to provide a null in the direction 62, thus decreasing the 
Width of the main beam 151 Without reducing the magnitude 
of the main beam’s 151 peak. 

The receive signals S11, S12, S21, and S22 are coupled to a 
second Weight-and-sum processor 340. Signals S 11 and S 1 2 
are delayed by an amount D3 and adjusted in gain by a ?rst 
Weighting element 341 before being summed together With 
signals S21 and S22 in a second combining circuit 343. The 
second processor 340 may also include a second Weighting 
element 342 coupled betWeen the second antenna 102 and the 
combining circuit 343. For the purpose of this discussion, the 
second Weighting element 342 does not provide delay or gain 
adjustment. A receiver output signal Sc2 at output port 344 is 
expressed as: 

Where bI3IADI3/2 and b23IAD23/2. 
A second main beam 152 representing the receiver output 

signal Sc2 has an orientation direction 63 relative to the direc 
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6 
tion of normal incidence 90. The output receive signals SCI 
and Sc2 are combined by a third Weight-and-sum processor 
350, Which outputs a composite receive signal SE3. The signal 
Sc3 is represented by an interferometric beam pattern 153 in 
FIG. 2 that has a null in the direction 62. Before being 
summed in a combining element 353, the signal Scl is delayed 
by D4 and adjusted in magnitude by a scalar Weight factor g in 
a Weighting element 351. The value of D4 is an amount 
required to match the phases of the contributions of signals 
from the second source 92 to SCI and Sc2:D4:q)2"+b23—q)2'— 
b2 1:(D3 —D l)/ 2. The scalar Weight factor g has the value: 

[Sing - b23) + 51147-2r - b23 + AD23)] 

[Sing - b21)+ 51147-2r - bu + ADM] 

The magnitude-adjusted delay-adjusted signal Scl is sub 
tracted from signal S Sc2 to cancel the responses of the main 
beams 151 and 152 to a source, such as source 92 in the 
direction 62, to provide the composite receive signal: 

s1 [51117-2r - b13) + Sing - bl3 + AD13)]Sin(wr + ¢{ + M3) 

The delay D3 may be selected so that ADl3:rc:D3:rc(2d Sin 
61 —7t)/7t. Then the second main beam 152 has a null in the 
direction 61 of the ?rst source 91 but is non-null in the direc 
tion 62 of the second source 92. In this case, the interferomet 
ric beam pattern 153 is narroWer than the ?rst main beam 151 
but has the same peak magnitude as the ?rst main beam 151. 

Signal decorrelation occurs betWeen the antennas 101 and 
102 When radiation having non-Zero bandWidth is incident 
upon the array 100 from some angle other than the broadside 
direction. The propagation time delay of the radiation inci 
dent at each pair of antennas, such as antennas 101 and 102, 
produces a phase shift that is proportional to the signal fre 
quency f. Therefore, complex Weights W” (f1) required to null 
a signal at one frequency f. 1 Will be slightly different from 
Weights Wn(f2) required to null a signal at another nearby 
frequency f.sub.2. If the interfering signal has a signi?cant 
bandWidth and if the signal arrives from some angle other 
than broadside, the array 100 Will require several closely 
spaced nulls to null all frequency components simulta 
neously. 
The antenna array 100 may have a plurality M of reception 

patterns corresponding to a plurality of signal frequencies fm. 
Each m of these reception patterns is given by the folloWing 
equation: 

Where 2N+1 is the number of array elements, In," is the elec 
trical excitation current produced by the Weighting of induced 
signals SW at each element n, k is the Wavenumber of the 
excitation current, d is the interelement spacing, and 6 is the 
aZimuthal direction in the plane of the array 100. Control of 
the radiation pattern Ra(6)m is achieved by relative position 
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ing of the elements n (number N and spacing d) and the 
relative electrical excitations In," of the individual array ele 
ments n. 

FIG. 3 illustrates a sum of phasors that represents the 
radiation pattern Ra(6)m of a uniformly excited array: Inm/ 
IOII .At SITE/2, all the phasors are real and add to a maximum, 
Which is the peak of the main lobe of the radiation pattern 
Ra(6)m. As 6 departs from 313/2, the phasors fan out across the 
complex plane. A minimum occurs at 6 for 1 min 

cosdhm-n : i 

Where 7» is the signal Wavelength and L is the length of the 
array 100: L:(2N+ l )d. This could be represented by a phasor 
diagram, such as the one shoWn in FIG. 3, Where the phasors 
have fanned out so that they are equally spaced in the complex 
plane. Subsequent maxima occur at 

cosdmm-n : i F 

and correspond to sidelobes of the radiation pattern Ra(6)m_. 
The sidelobes can be reduced in height relative to the main 
lobe by tapering the magnitudes of the excitation currents In," 
toWard the ends of the array 100. HoWever, the phasors Will 
fan out beyond one full sheet in the complex plane before the 
?rst minimum occurs, resulting in broadening of the main 
lobe. This and other methods of aperture synthesis, such as 
Dolph-Chebyshev and Taylor synthesis, are oriented toWard 
reducing sidelobe levels. HoWever, these techniques are used 
in the present invention for adjusting the main lobe and the 
position of the minima. 

FIG. 4 shoWs the components of the Weighting element 
331, Which de?ne it as a beam-shaping circuit. The other 
Weighting elements 332, 341, and 342 may similarly be 
designed as beam-shaping circuit 331. A distributed-fre 
quency signal S 1 1 comprising tWo frequency components S 1 1 
(fl)and S1l(f2) is input to the Weighting element 331 Where it 
is coupled through a parallel arrangement of a ?rst and a 
second ?lter 135 and 136, respectively, Which separate the 
signal components S11(fl)and S ll(f2). The ?rst ?lter 135 
alloWs through-put of the ?rst signal component S l l(fl), and 
the second ?lter 136 alloWs through-put of the second signal 
component S ll(f2). The ?rst signal component S1l(fl) is 
Weighted by a ?rst Weighting element 137, and the second 
signal component S l l(f2) is Weighted by a second Weighting 
element 138. Thus each of the signal components is adjusted 
in magnitude in accordance With its frequency (fl)or (f2)by 
the beam-shaping circuit 331. The Weighted components I 1 1 
and I 12 are then combined after acquiring the frequency 
dependent Weights. Likewise, signal S 1 2 is separated into its 
components by frequency, separately Weighted, and then 
combined. 

In this case, signals Inl uniformly excite the array 100 
(IMIIIO for all n), Whereas the signals In2 are tapered in mag 
nitude toWard the ends of the antenna array 100. FIG. 5 shoWs 
a ?rst and second reception radiation pattern 171 and 172 
produced by the array 100 When it is excited by the Weighted 
components Inl and In2. Because the ?rst minima 
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8 
depends on the wavelength 7» it Will not occur at the same 
position 61 min for different signal Wavelength values k1 and 
k2 (7»:c/f, 7q>7t2) if the excitations Inl and In2 are similar. The 
beam-shaping circuit 331 broadens the main beam of the 
second radiation pattern 172 to match the broader main beam 
of the ?rst radiation pattern 171 resulting from the larger 
signal Wavelength A1 of the corresponding excitation signals 
lnl. Each of the radiation patterns 171 and 172 has a ?rst 
minima Which is located at 6 l min. Thus, the antenna array 100 
Will neither transmit nor receive from the aZimuthal direction 

61 min. 
The distributed-frequency characteristics of the signal 

S.sub.l may imply a number m greater than tWo of the dis 
creet signal frequencies. The signal S.sub.l then may be 
separated into In signals, each of the m signals being ?ltered 
by a ?lter (not shoWn) for providing a total of m signal 
components separated by frequency f.sub.m. Each of the sig 
nal components may be adjusted by a Weighting element (not 
shoWn), the Weighting elements providing a frequency-de 
pendent Weight to each of the signal components. 
The distributed frequency characteristics of the signal Sl 

may imply a broad continuous frequency band. In this case, 
the signal S 1 may be divided into a plurality of discreet fre 
quencies fm in a similar manner as explained above. Altema 
tively, the signal S 1 may have a continuous frequency-depen 
dent Weight applied to it in Which the value of the Weight 
applied to the signal S 1 obtains its frequency-dependent char 
acteristics from the frequency-dependent characteristics of 
impedance elements (not shoWn) used to divide or provide 
gain to the signal S1. 

Weighting elements, such as the Weighting elements 137 or 
138, may provide complex Weights to signals S 1 and S2. The 
complex Weights may contain progressive phase factors that 
steer the antenna pattern 171 or 172 in order to position a 
minima in a predetermined spatial region. In this case, a 
predetermined spatial region is the aZimuthal location of a 
signal source at Which We attempt to orient the direction of the 
minima of the beam patterns 171 and 172 generated by the 
array 100. HoWever, another predetermined spatial region 
may require reception of non-minima portions of the beam 
patterns 171 and 172. A predetermined spatial region may 
include multiple directions in Which the beam patterns 171 
and 172 must have minima or a predetermined ratio of mag 
nitudes With respect to each other. 

In the same Way that a plurality of Weights can be applied 
to receive signals induced at each antenna 101 and 102 to 
create multiple overlapping reception beam patterns 151 and 
152, a plurality of Weights Wm may be applied to a transmit 
signal XTn at each n of the antennas 101 and 102 to generate 
multiple transmit beam patterns that overlap at some prede 
termined location. FIG. 1 shoWs an interferometric transmit 
ter 356 of the present invention comprising a transmitter 350 
coupled to an interferometric transmit signal adapter 365, 
Which is coupled to the antennas 101 and 102. The adapter 
365 includes a ?rst and second Weighting processor 360 and 
370 for each antenna 101 and 102, respectively. 
A transmit signal XT generated by the transmitter 350 is 

coupled into the ?rst processor 360 and split into a ?rst and a 
second split transmit signal, XTl and X12. A ?rst Weighting 
element 361 applies a ?rst predetermined Weight Wll to the 
?rst signal Xn. A second Weighting element 362 applies a 
second predetermined Weight Wl2 to the second signal X12. 
The ?rst and second Weighting elements 361 and 362 are 
coupled to a combining circuit 363 for combining the 
Weighted signals W 1 1 ~XTl and Wl2~XI2 into a ?rst combined 
signal XTCI. The ?rst combined signal XTCl is ampli?ed by a 
?rst ampli?er 364 to produce a ?rst excitation signal XEl, 
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Which is radiated at the ?rst antenna 101. The ?rst ampli?er 
364 may be eliminated, particularly if the three-port device 
104A includes ampli?cation means. 
The transmit signal XT is also coupled into the second 

processor 360, Which splits the signal XT into a third and a 
fourth split transmit signal, XT3 and XT4. A third Weighting 
element 371 applies a third predetermined Weight W21 to the 
third signal X13, and a fourth Weighting element 372 applies 
a fourth predetermined Weight W22 to the fourth signal XT4. 
The third and fourth Weighting elements 371 and 372 are 
coupled to a combining circuit 373 for combining the 
Weighted signals W3~XI3 and W4~XT4 into a second combined 
signal STCZ. The second combined signal S T02 is ampli?ed by 
a second ampli?er 374 to produce a second excitation signal 
S E2, Which is radiated at the second antenna 102. The second 
ampli?er 374 may be eliminated, particularly if the three-port 
device 104B includes ampli?cation means. In this case, the 
Weight factors W1 1 and W21 are phased so that the excitation 
of the array produces a ?rst transmit antenna pattern shoWn as 
pattern 151 in FIG. 2 that has a main beam orientation in the 
direction 61 and also produces a second transmit antenna 
pattern represented by pattern 152 having a main beam ori 
entation in the direction 63. The beams 151 and 152 combine 
destructively to provide a null in the direction 62. 

The patterns 151 and 152 may induce complementary sig 
nals in a receiver (not shoWn) located in direction 62. Alter 
natively, the patterns 151 and 152 may be seperable from each 
other at the receiver (not shoWn), the separability being pro 
vided by the signals S E1 and S E2, Which have different fre 
quencies, time-domains, polarizations, or the like. When pro 
cessed and combined, the patterns 151 and 152 provide a null 
in the direction 62. 

The transmit signal XT has a carrier frequency f Whose 
value changes as the signal XT is generated. The transmitter 
350 includes a frequency-control processor 358 that changes 
the carrier frequency f of the transmit signal XT and provides 
control to the Weighting elements 361, 362, 371, and 372 for 
changing the values of the Weights W1 1, W12, W21, and W22 
With respect to frequency f. The values of the Weights W11, 
W12, W21, and W22 are adjusted to provide the appropriate 
aperture synthesis to maintain a null in the direction 62 for all 
values of signal frequency f generated by the transmitter 350. 

The beam Width of a uniformly excited array is based on 
the array length L in the Fourier transform equation: 

2 Sin(dk) 
Z k 

The Fourier transform of a linear aperture function pro 
duces a sinc function that illustrates the beam pattern ampli 
tude produced by an antenna array. The number of array 
elements and their spacing determine hoW many main beams 
occur in the visible antenna pattern. 

FIG. 6 shoWs a beam pattern generated by an antenna array 
that is excited according to a method of the present invention. 
There is a plurality N of antenna elements (not shoWn) in the 
array. Atransmit signal X is split into N transmit signals Xn(t), 
Where n:1 to N. Thus, the distribution of transmit signals to 
the antenna array is X:[Xl(t), X2(t), . . . , XN(t)]. The vector 

X is multiplied by a complex Weight vector W:[W1, W2, . . . , 
WN]T to produce an array output SIWT X. The array output S 
is ordinarily a sum of one particular (m:1) Weighted distri 
bution of split transmit signals Xn(t), providing a single beam 
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10 
pattern. In the present invention, each of the N elements W” of 
the Weight vector W is a vector having a number M of ele 
ments Wm equal to a number (MIS in this case) of individual 
output signals sm(t) in the output signal S. The individual 
output signals sm(t) sum together to provide an interferomet 
ric composite beam pattern 80 shoWn in FIG. 7. In the case 
Where cancellation signals are multiplexed onto a plurality nc 
of channels, the transmit signal vector’s X elements, X” may 
be represented as a vector having a plurality of components 
equal to In. 

The array produces a ?rst array output signal sl(t) With an 
antenna beam amplitude pattern 70 that has a peak oriented in 
a direction 61 and a beam Width de?ned by a pair of ?rst 
minima symmetrically positioned at a distance 61 min on 
either side of the orientation direction 6 l . A second and a third 

array output signal s2 (t) and s3 (t) are produced by the antenna 
array 100 and have beam amplitudes indicated by beam pat 
terns 71 and 72, respectively. The second and third beam 
patterns 71 and 72 have the same beam Width as the ?rst 
pattern 70. The second pattern 71 is oriented in a direction 
62:6 1+6 1 min and the third pattern 72 is oriented in a direction 
63:61-61 min. A fourth and a ?fth output signal s 4(t) and s5 (t) 
are produced by the array having beam amplitudes illustrated 
by a fourth and a ?fth pattern, 73 and 74, respectively. The 
fourth pattern has its peak oriented in a direction 64>6 1 +6 1 min 
and the ?fth pattern has its peak oriented in a direction 65 <6 1 — 

61 min. 
The fourth and ?fth beam patterns 73 and 74 each have 

beam Widths that are smaller than the beam Width of the ?rst 
pattern 70. The second and third patterns 71 and 72 are illus 
trated as having negative amplitude peaks because these pat 
terns 71 and 72 represent cancellation signals for canceling 
signals shoWn in FIG. 6 With positive amplitude peaks, such 
as patterns 70, 73, and 74. The cancellation signals 71 and 72 
induce receive signals in a remote antenna (not shoWn) that 
cancel the array’s transmission at that location. The cancel 
lation signals may also provide a spatially diverse gain to the 
incident radiation at the antenna array 100 in order to null the 
array’s reception of signals from speci?c spatial locations. 
The methods of inducing cancellation signals in electromag 
netic receivers and producing cancellation ?elds at remote 
locations is discussed in PCT patent application PCT/US/ 
08247, Which is hereby incorporated by reference. 

FIG. 7 illustrates the beam pattern 80 that results from the 
sum of the beam patterns 70, 71, 72, 73, and 74 in FIG. 17. 
The beam pattern’s 80 peak has a beam Width equal to 61 min 
and an amplitude that is approximately equal to the amplitude 
of the ?rst pattern 70 in FIG. 6. To cancel signals in the ?rst 
channel, the cancellation signals 71 and 72 may be multi 
plexed into a separate channel separated by frequency, time, 
polarization, or the like before being processed at the remote 
antenna (not shoWn). 

FIG. 1 shoWs a spatial demultiplexer 403 of the present 
invention Which makes use of knoWn spatial gain variations of 
a plurality of receive signals sn(t) across the antenna array. 
The antenna array has a plurality M of antenna elements 101 
and 102, in this case M:2. An electrical receive signal rm(t) is 
induced at each antenna element by incoming signals sn(t), 
and is expressed by: 
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Where an is the antenna gain, xm and ym are Cartesian coordi 
nates of the mth antenna element location normalized by sig 
nal Wavelength he” is the angle of incidence of the signals 
sn(t), and nm(t) is a noise component corresponding to the mth 
antenna element. In this case, the tWo antenna elements 101 
and 102 receive tWo incoming signals sl(t) and s2(t) from 
sources 91 and 92, Which induce tWo receive signals: 

r.sub. l (t):a.sub. l s.sub. l (t)e.sup.i.pi.(x.sbsp.l .sup.sin. 
theta..sbsp.l .sup.+y.sbsp.l .sup.cos.theta..sbsp.l.sup.)+ 
a.sub.2s.sub.2(t)e.sup.i.pi.(x.sbsp.l .sup.sin.theta..sbsp. 
2.sup.+y.sbsp.l.sup.cos.theta..sbsp.2.sup.) 

If the sources 91 and 92 are very close together in angular 
position: GIzGZEG, then the equations for the receive signals 
are simpli?ed: 

The exponent represents a steering vector of the array 
excitation and merely acts as a scaling factor for the expres 
sions in the brackets, Which are identical for the tWo receive 
signals rl (t) and r2(t). These tWo equations are algebraically 
identical, and therefore reduce to a single equation With tWo 
unknown quantities s l(t) and s2(t). This means that the tWo 
signals s1(t) and s2(t), cannot be resolved. In order to explic 
itly solve for the unknowns s l(t) and s2(t) it is necessary to 
develop at least tWo algebraically unique equations in s1(t) 
and s2(t). This is accomplished by providing the incoming 
signals With spatial gain variations: sn(t)esn(x,y,t). 
The magnitude of each incoming signal at each antenna 

101 and 102 varies in accordance With the spatial gain char 
acteristics of the signal: smnzsn(t)bmn, Where bmn is a knoWn 
Weight factor expressing the magnitude of the signal sn(t) at 
the mth antenna element. The received signals are expressed 
by the folloWing equations: 

The constants C 1 and C2 represent the steering vector and 
are comprised of knoWn quantities. These constants can be 
absorbed into the values of bmn or the measured receive sig 
nals rl(t) and r2(t). Thus, the above equations alloW a method 
of solving for the signals sl(t) and s2(t) explicitly. The signals 
s l(t) and s2(t) can be separated by Weighting and summing the 
receive signals rl(t) and r2(t) in the folloWing manner: 

b b b 
11(1) — i"2(1) = a252(l)[b12 — H] 521 521 

b b b 
mn- inn) = a151(l)[b11— 12 21] 522 522 

These equations identify the boundary condition 
b l lb22;+=b12b21,Which represents the spatial gain pro?le of the 
signals s l(t) and s2(t) necessary for alloWing resolution of the 
tWo sources. 

Each of the spatially separated antenna elements 101 and 
102 receive a plurality of signals s l(t) and s2(t) With knoWn 
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12 
spatial gain characteristics bnm at the receiving elements 101 
and 102. Furthermore, the proportionality of the spatial gain 
characteristics 

(nsén') at each antenna element 101 and 102 is unique, as 
required by the boundary conditions described above. The 
?rst receive signal rl (t) is induced at antenna 102. The second 
receive signal r2(t) from antenna element 101 is delayed by a 
delay element 400, providing a delay equal to the difference 
in transit time for electromagnetic radiation to propagate 
from the desired source(s) to each of the antenna elements 
101 and 102. This is done to maximiZe reception of incident 
radiation from the desired source(s). The delayed signal r2(t) 
is split into a ?rst and a second component r2l(t) and r22(t). 
The ?rst component r2 l(t) has a Weight b 1 l/b21 applied to it by 
a ?rst Weighting element 401, and the second component 
r22(t) has a Weightb12/b22 applied to it by a second Weighting 
element 402. It is apparent that the delay element 400 could 
have been incorporated into the Weighting elements 401 and 
402. The ?rst receive signal rl(t) from antenna element 101 is 
split into a ?rst and a second component r1 1 (t) and r1 2(t). The 
?rst component rl l(t) is coupled through a Weighting element 
421 and then into a ?rst combining circuit 411. In this case, 
the signals s l(t) and s2(t) do not have signi?cant distributed 
frequency characteristics so the Weighting element 421 pro 
vides neither magnitude-adjustment nor delay to the ?rst 
component rll(t). LikeWise, the second component r12(t) is 
coupled through a Weighting element 422 into a second com 
bining circuit 412. The Weighting element 422 also provides 
neither magnitude-adjustment nor delay to signal rl2(t). The 
Weighted ?rst component r21(t) is subtracted from the ?rst 
signal’s ?rst component rll(t) in the ?rst combining circuit 
411. The Weighted second component r22(t) is subtracted 
from the ?rst signal’s second component rl2(t) in the second 
combining circuit 412. Outputs of the combining circuits 411 
and 412 are proportional to the transmitted signals S1(t) and 
s2(t), respectively. These outputs are coupled to a receiver 
430, Which may provide further signal processing such as 
equaliZation. 

If the signals s l(t) and s2(t) received by the antennas 101 
and 102 have distributed-frequency characteristics that cause 
the receive signals r l(t) and r2 (t) to have variable magnitudes 
With respect to frequency, the Weighting elements 401, 402, 
421, and 422 are preferably beam-shaping circuits as 
described in reference to FIG. 4. 

FIG. 8 illustrates intensity pro?les (spatial gain distribu 
tions) of the incident radiation 119 and 129 from the remote 
sources 91 and 92 in the vicinity of antennas 101 and 102. A 
training sequence may be transmitted by the sources 91 and 
92 in Which the signals 119 and 129 are knoWn, thus alloWing 
for calibration of the Weights of the spatial demultiplexer 403. 
The ?rst antenna 101 receives the ?rst signal 119 having a ?rst 
magnitude 91 and the second signal 129 having a ?rst mag 
nitude 81. The second antenna 102 receives the ?rst signal 
119 at a second magnitude 92 and the second signal 129 at a 
second magnitude 82. The spatial demultiplexer 403 may 
direct beam-shaping processes of the remote sources 91 and 
92 to adjust the spatial gain distributions of the signals 119 
and 129 at the array 100 in order to optimiZe reception. 
Reception-quality may be measured as a signal-to-noise or a 
signal-to-noise-plus-interference relationship. Communica 
tion betWeen the array 100 and the remote sources 91 and 92 
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for optimizing reception may be accomplished by providing 
a feedback signal from the receiver 430 to the sources 91 and 
92 that indicates the degree of reception quality. Shaping of 
the spatial gain distributions by the sources 91 and 92 may be 
accomplished by aperture synthesis, beam-steering, inter 
ferometric combining of multiple beam patterns, microWave 
lensing, or the like. 

Spatial multiplexing of communications signals and 
demultiplexing of those signals utiliZing knoWn spatial gain 
distribution ratios of the received signals s1(t) and s2(t) has 
been shoWn With respect to RF communications signals. 
HoWever, this method of canceling interference may also be 
applied to electromagnetic signals in other frequency 
domains, such as optical frequencies. Optical transmitters 
may include collimated sources, such as lasers. 

In the case Where the sources 91 and 92 have any angular 
separation, a microWave lens (not shoWn) may be utiliZed to 
provide gain differentials betWeen the receive signals s l(t) 
and s2(t) Which the lens then directs to a plurality of receivers 
(not shoWn). A microWave lens (not shoWn) receives incident 
radiation and focuses it onto receivers (not shoWn) located in 
the focal plane of the lens (not shoWn). The position of each 
receiver (not shoWn) receives an amount of the focused radia 
tion depending on the receiver position and the directions of 
arrival 61 and 62 of the incident radiation. The angular sepa 
ration betWeen the sources 91 and 92 alloWs the lens (not 
shoWn) to adjust the spatial gain distribution of the signals 
sl(t) and s2(t) received by the receivers (not shoWn). The 
Weight factors bmn corresponding to the receive signals s l(t) 
and s2(t) at the receivers (not shoWn) comprise the spatial gain 
distributions of the transmit signals transmitted by the 
sources 91 and 92 and a multiplicative lensing factor resulting 
for adjusting the spatial gain distribution that is ultimately 
“seen” by the receivers (not shoWn), Which results from the 
focusing effect by the lens (not shoWn) on the incident radia 
tion. The Weight factors bmn may be determined by test 
sequences of knoWn transmissions from the sources 91 and 92 
or from calculations that utiliZe knoWn spatial gain distribu 
tions transmitted by the sources 91 and 92, knoWn angular 61 
and 62 of the sources 91 and 92, and a knoWn gain pro?le 
applied by the lens (not shoWn) to the receivers (not shoWn) 
relative to the directions of arrival 6 l and 62 of incident radia 
tion. 

The spatial demultiplexer 403 has been described With 
respect to its use for separating signals s l(t) and s2(t) that have 
different knoWn spatial gain distributions (described by 
Weight factors bmn) across the antenna elements 101 and 102. 
HoWever, the spatial demultiplexer 403 may be used as a 
polariZation demultiplexer to separate a plurality of received 
polariZation signals pn(t) (n:1, . . . , N), each having a knoWn 
linear polarization 4)”. Each antenna of the array 100, such as 
antennas 101 and 102, may include a linear polariZer (not 
shoWn) oriented in a predetermined direction 4) for attenuat 
ing the received signals pn(t). The attenuation may be repre 
sented by an attenuation factor that has a value an:cos2(q)—q)n) 
and that multiplies the intensity of each corresponding n 
received signal pn(t). The receive signals pn(t) have linear 
polariZation orientations 4)” that are knoWn. Consequently the 
signals s1(t) and s2(t) received at each antenna 101 and 102 
have predetermined degrees of cross-polarization interfer 
ence that are used to derive the Weight factors bmn. In the case 
Where only tWo receive signals are collected, it is preferable 
that the polariZations (1)1 and (1)2 of the signals s l(t) and s2(t) be 
orthogonal With presumably no cross-polarization interfer 
ence. HoWever, the present invention relates to a system in 
Which the polarizations q)” of the receive signals sn(t) have 
knoWn but interfering polariZations. The advantage of this 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
method is that it provides for polariZation demultiplexing of 
more than tWo linearly polariZed signals sn(t). 
An embodiment of an isolator three-port device 104 is 

shoWn in FIG. 9. This three-port device 104 represents one 
embodiment of the three-port devices 104A and 104B shoWn 
in FIG. 1. The transmitter 356 generates electrical signals 
represented by voltage VSG, Which are passed to the inputs of 
ampli?ers 105,104 and 103. The ampli?ers 105, 104, and 103 
provide gain to the input signal VSG represented by gains g1, 
g2, and g3, respectively. The output impedance of each ampli 
?er 105, 104 and 103 is represented by impedance elements 
111, 112 and 113, respectively. The ampli?ed signal from the 
output of the ?rst ampli?er 105 is represented by a ?rst 
transmit current il 1T that passes through an impedance ele 
ment 121 to a three-port device 131. The three-port device 
131 splits the transmit current i l l Tinto a ?rst reference signal 
il3T and an output transmit signal i1”. The ?rst reference 
signal iBTexits the three-port device 131 and passes through 
a ?rst reference branch Which comprises an impedance ele 
ment 161 and a variable-impedance element 171. The vari 
able impedance element 171 is coupled to an impedance 
controller 181. The output transmit signal ilZT ?oWs through 
a transmit branch that is comprised of an impedance element 
141 and the antenna 101. The input impedance of the antenna 
101 is represented as an antenna impedance element 151. 
A second transmit current i2lT from the second ampli?er 

104 passes through an impedance element 122 into a three 
port device 132. The three-port device 132 splits the second 
transmit current i2lTinto a second reference signal i23T and a 
?rst dummy transmit signal i22T. The second reference signal 
i23TeXits the three-port device 132 and ?oWs through a second 
reference branch that is comprised of an impedance element 
162 and a variable-impedance element 172. The variable 
impedance element 172 is coupled to an impedance controller 
182. The ?rst dummy transmit signal 122T?OWS through a ?rst 
dummy antenna branch that includes an impedance element 
142, a variable distributed impedance element 147 and an 
output-impedance element 152. The output-impedance ele 
ment 152 represents the output impedance of an ampli?er 
160. 
A third transmit current i31 T from the third ampli?er 103 

passes through an impedance element 123 to a three-port 
device 133. The three-port device 133 splits the third transmit 
current i3 1T into a third reference signal i33T and a second 
dummy transmit signal i32T. The third reference signal i33T 
?oWs from the three-port device 133 through an impedance 
element 163 and then through a variable impedance element 
173. The variable impedance element 171 is coupled to an 
impedance controller 183. The second dummy transmit sig 
nal i32T exits the three-port device 133 and ?oWs through a 
second dummy antenna circuit that includes an impedance 
element 143 and a variable distributed impedance element 
153. 
A ?rst sensing netWork is comprised of a sensing element 

241 coupled to impedance element 141, a second sensing 
element 261 coupled to impedance element 161, and a com 
bining circuit 291. The electrical signals generated by the 
sensing elements 241 and 261 are input to the combining 
circuit 291 at input ports 291A and 291B, respectively. The 
output port 291C of the combining circuit 291 is coupled to 
the input of ampli?er 160. 
A second sensing netWork is comprised of a third sensing 

element 221 coupled to the impedance element 121, a fourth 
sensing element 222 coupled to the impedance element 122, 
and a combining circuit 292. The electrical signal generated 
at the sensing elements 221 and 222 are input to the input 
ports 292A and 292B of the combining circuit 292. The 
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output port 292C of the combining circuit 292 is coupled to 
the variable impedance element 147 and also coupled to the 
variable impedance element 153. An output of the sensing 
element 221 is coupled to the impedance controller 181, and 
an output of the sensing element 222 is coupled to the imped 
ance controller 182. 

A third sensing netWork is comprised of a ?fth sensing 
element 223 coupled to the impedance element 123, a com 
bining circuit 294 connected to the sensing element 223 
through a ?rst input port 294A, and a second input port 294B 
of the combining circuit 294 coupled to the sensing element 
221. An output signal from the sensing element 223 is 
coupled to the impedance-controller 183. 
A fourth sensing netWork is comprised of a sixth sensing 

element 263 coupled to the impedance element 163, an input 
port 293A of a combining circuit 293 coupled to the output of 
the sensing element 263, and an input port 293B coupled to 
the output of the sensing element 261. The output ports 293C 
and 294C of the combining circuits 293 and 294, respectively, 
are coupled to a combining circuit 295 through input ports 
295B and 295A, respectively. The output port 295C of com 
bining circuit 295 provides a receiver output signal from the 
antenna 101. 

Circuit impedances are represented as lumped-circuit 
impedance elements, such as impedance elements 111, 112, 
113, 121, 122,123, 141, 142, 143, 147, 151, 152, 153, 161, 
162, 163, 171, 172, and 173. Each of these lumped circuit 
elements is meant to convey an impedance comprised of 
inductance, capacitance resistance, and/or conductance. The 
antenna element 151 is modeled as a transmission line in that 
it has its inductance, resistance, capacitance, and conduc 
tance distributed along the line. Likewise, the variable dis 
tributed impedance elements 147 and 153 include distributed 
circuits or a combination of lumped circuit elements that 
approximate a distributed impedance. The three-port devices 
131, 132, and 133 may be T-junctions, resistive dividers, 
non-reciprocal devices, such as circulators, or any such poWer 
divider. The sensing elements 221, 222, 223, 241, 261, and 
263 sense electrical signal levels, either current or voltage, 
Within the circuit at the locations represented by impedance 
elements 121, 122, 123, 141, 161, 163, respectively. 

The values of the ?rst, second and third transmit currents 
inl, iTl2 and iTl3 are as folloWs: 

Where Z1, R1, Z3, R3, and R2 are the values of impedance 
elements 111, 121, 161, 171, and 141, respectively, Z2 is the 
value of the impedance elements 151, Zl-nl has the value of 
R1 +(R2+Z2)||(R3 +Z3), and V A is the signal voltage applied by 
the ampli?er 105 output, WhereVAIgIVSG. The voltage of the 
transmit signal at the output of the ampli?er 105 is: 

V = i 

T“ (man/2M1) 

Sensing elements 241 and 261 output electrical signals that 
are proportional to electrical signals ?oWing through imped 
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ance elements 141 and 161, respectively. In this case, We 
require the ?rst sum of impedances elements 161 and 171, 
Which comprise the ?rst reference branch, to be proportional 
to the second sum of impedance elements 141 and 151, Which 
comprise the transmit branch. The values of impedance ele 
ments having either capacitive or inductive components Will 
be frequency-dependent. Thus the proportionality betWeen 
the ?rst and second sums is preferably a real-valued constant. 
If We require Z2 to be a real multiple of Z3 (Zfa Z3, Where “a” 
is a real multiplier), the equations for transmit currents in the 
transmit branch and the ?rst reference branch are as folloWs: 

a l 

iT12 = iTll m and iTl3 = iTll m 

It is preferable that the reference branch impedance be 
larger than the impedance of the transmit branch so that more 
transmitter poWer is routed through the transmit branch than 
the reference branch. Transmit ef?ciency is measured as the 
proportion of transmit poWer that is radiated by the antenna 
101 relative to the transmit poWer at the output of the ampli 
?er 105. It is particularly desirable to have a high (greater than 
50 percent) transmit ef?ciency for far-?eld communications 
and remote sensing applications. Additionally, designing the 
reference branch for high poWer levels (poWer levels 
approaching the transmit poWer in the transmit branch) adds 
expense and bulk to the circuit design as more precautions are 
needed for heat-dissipation and inductive coupling. It is 
important to balance the bene?ts of reducing poWer-handling 
in the reference branch With the problems of manipulating 
loW-poWer signals. Signal-to-Noise levels for loW-poWer sig 
nals are more adversely affected by additive environmental 
noise, such as electromagnetic interference (EMI), and addi 
tive ampli?er noise. Thus, the value of “a” Will depend on a 
compromise betWeen different sets of boundary conditions. 
A voltage V R is generated by the antenna 1 01 in response to 

received electromagnetic radiation. An electrical receive cur 
rent iRl2 ?oWs through impedance element 141 as a result of 
this voltage VR. The current i R12 is split by the three-port 
device 131 into a pair of complementary receive signals iRl 1 
and i R 13. Current i R1 1 ?oWs through impedance elements 121 
and 111, and current i R1 3 ?oWs through impedance elements 
161 and 171. The receive currents are given by the folloWing 
relationships: 

The sensing element 261 is responsive to the electrical 
signals i R12 and iTl2 ?oWing through the impedance element 
161 and generates an electrical response signal i 52. Likewise, 
the sensing element 241 is responsive to electrical signals i R l 3 
and iTl3 ?oWing through impedance element 141 and gener 
ates an electrical response signal i 51. The responses iSl, and 
i S2 of the sensing elements 241 and 261 are adjusted in ampli 
tude and phase relative to each other and combined in the 
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combining circuit 291 such that the contributions of the trans 
mit signals iTl2 and iTl3 cancel. The combining circuit 291 
produces an electrical signal i291 that is substantially propor 
tional to the receive signal iR 12 at output 291C. This electrical 
signal i291 is input to the ampli?er 160, Which injects a gain 
adjusted version i R22 of the signal i291 into the ?rst dummy 
antenna branch. The amplitude of the injected receive signal 
i R22 is adjusted such that it is proportional to signal i R 1 2 by the 
same amount as the proportionality betWeen the transmit 
signals i122 and inz. Furthermore, phase-adjustment in the 
combining circuit 291 provides a relative phase betWeen the 
signals i R22 and i122 that is substantially identical to the rela 
tive phase betWeen the signals iRl2 and inz. The injected 
receive signal i R22 ?oWs through the impedance element 142 
into the three-port device 132, Which splits the injected signal 
i R22 into complementary injected receive signals iR21 and i R23. 
The signal iR21 ?oWs through impedance element 122, and 
signal i R23 ?oWs through impedance element 162. 
The signals iR21 and i121 ?oWing through impedance ele 

ment 122 are sensed by sensing element 222, Which produces 
a proportional response signal is4. Likewise, the signals iR21 
and i121 ?oWing through impedance element 121 are sensed 
by sensing element 221, Which also generates a response 
signal i s3. The signals i s3 and i s4 from both sensing elements 
221 and 222 are combined in the combining circuit 292, and 
an error signal is is produced at the output 292C that repre 
sents any mismatch in the proportionality of the signals is3 
and i s4. Such a mismatch in proportionality is likely to occur 
When the impedance of the antenna 101 changes due to envi 
ronmental conditions, such as aging, temperature variations, 
and movement relative to nearby electrically grounded con 
ductive objects. The output 292C is connected to variable 
distributed impedance elements 147 and 153, Whose imped 
ances change by an amount dictated by the error signal i s. The 
change in impedance of the variable impedance element 147 
affects the error signal is. A logical circuit controller (not 
shoWn) Within the variable impedance element 147 is respon 
sive to the error signal is and adjusts the impedance in order to 
minimiZe the magnitude of the error signal i s. 

The error signal is provides an accurate controlling refer 
ence for adjusting the impedances of impedance elements 
147 and 153 because the split signal iR21 from the injected 
signal i R22 enables cancellation of the split signal i R 11 from 
the receive signal iRl2 in the combining circuit 292. This 
reduces the effect of the receive signal i R 1 2 on the error signal 
iR s. The error signal is may be used to control the effective 
impedance of the antenna 101, thus compensating for imped 
ance changes by adjusting the impedance of a series imped 
ance element such as impedance element 141. 
A dc bias ?eld adjustment circuit, as shoWn in FIG. 11, 

adjusts a dc magnetic ?eld applied to the antenna element 101 
for a coil-type antenna and a dc magnetic ?eld applied to the 
impedance element 171. An impedance element 141A con 
nected in series With a capacitor 141B comprise the imped 
ance element 141. A variable dc-level current source 155 is 
connected betWeen the capacitor 141B and the antenna ele 
ment 101. In this case, the antenna element 101 includes a 
conductive Wire 101A coiled around a ferrite core 101B. An 
impedance element 161A and a capacitor 161B comprise 
impedance element 161. A variable dc-level current source 
175 is connected betWeen the capacitor 161B and the imped 
ance element 171. The impedance element 171 includes a 
conductive Wire 171A Wrapped around a ferrite core 171B. 

For certain applications at relatively loW signal frequencies 
(<l00 MHZ), the antenna structure 101 is often smaller than 
the radiated Wavelength and may take the form of a coil of 
Wire surrounding a ferrite core. This is common for the opera 
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tion of an antenna as an electromagnet. An electrical signal 
?oWing through the coil serves to reinforce the radiated elec 
tromagnetic radiation by virtue of multiple additions of the 
radiation pattern of single loops of current. Additionally, har 
monic distortion terms are introduced to this electrical signal 
due to the non-linear response of ferrites that may be used as 
part of the antenna structure 101 or may be in close proximity 
to the antenna 101. Ferrite materials may also be used in 
three-port devices 131, 132, and 133 to provide a non-recip 
rocal effect for isolation, such as for a circulator. Once again, 
harmonic and intermodulation products Will be introduced 
into the electrical signals in the circuit. 
The magnetic permeability of the ferrite material changes 

as the slope of the resulting magnetic ?ux density B versus the 
magnetic ?eld H applied to the material. A B vs. H curve 86, 
along With the resulting distortion caused by the variation in 
magnetic permeability is shoWn in FIG. 10. Along the X-axis 
is a representation of tWo identical amplitude-modulated 
magnetic ?elds 81 and 82 as Would be applied to the material, 
one ?eld 81 having a relatively loW bias ?eld HDCl and the 
other ?eld 82 having a high, near-saturation bias ?eld H DC2. 
A distorted magnetic ?ux density 91 and 92 resulting from 
each applied external magnetic ?eld 81 and 82 is illustrated 
along the Y-axis. By adjusting the bias ?eld H D01 or H DC2 of 
either of the identical amplitude-modulated magnetic ?elds 
81 and 82, it is possible to substantially reproduce the distor 
tion pattern of the other magnetic ?ux pro?le 92 and 91 or 
create a complementary non-symmetric distortion pattern 92, 
as shoWn in FIG. 10, that Will cancel if combined out-of 
phase With the ?rst pattern 91. 
The non-linear behavior of B vs. H results from the restor 

ing force of the magnetic dipoles in the ferrite material, Which 
causes a damping effect on the alignment of the dipoles due to 
an external magnetic ?eld. The total force on the dipoles is 
approximated by: 

This is a linear oscillator equation With an additional non 
linear term proportional to the square of the displacement x. 
The differential equation of motion is: 

This equation is solved by using the method of perturba 
tions in Which the general solution is Written as a poWer series 
in 7». Eliminating higher order terms yields the solution: 

Which illustrates a second harmonic and a dc bias in addi 
tion to the harmonic oscillator solution. Higher poWers of 7» 
introduce higher harmonics, and solutions yield intermodu 
lation as Well as higher harmonic terms if impressed signals 
are added to the equation of motion. Harmonic and inter 
modulation distortions are introduced into the signal current 
used to apply the magnetic ?eld to the ferrite. Thus, appro 
priate adjustment of the bias magnetic ?eld impinging on the 
ferrite may be used to adjust the degree of harmonic and 
intermodulation distortion in one part of the circuit in order to 
cancel distortion generated by the non-linear response of a 
ferrite in another part of the circuit. 
The capacitors 141B and 161B provide a dc block so that 

dc bias currents produced by the dc-level current sources 155 
and 175 remain in their associated circuit elements 101 and 
171, respectively. The relative magnitude and direction of the 
















